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(57) Abstract: The invention is directed to a method and apparatus tor detecting and measuring the concentration of an analyie in 
J2 3 tissue and a patienL Particularly, the invention is directed lo methods wherein a spectroscopic measurement is combined with an 
adjunct spectroscopic or non -spectroscopic measurement to provide a more accurate measure of the analyte. The non-spectroscopic 
Q measurements include adjunct spectral measurements, adjunct physiological measurements of the patient, the tissue or the patient 
from whom the tissue was obtained, or adjunct informational determinants. Preferably these methods can be used for determining 
the level of glucose in a patient and for enhancing a calibration system. 
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ADJUNCT QUANTltATJVE SYSTEM AND METHOD FOR NON- 
^^^^^^ ]^ MEASUREMENT OF IN Vr\^0 ANALYTES 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The invention relates to a method and apparatus for the non-invasive measurement of in 
vfvoanalytes in a patient. Particularly, the invention relates to the use of a combination 
of one or more spectroscopic measurements combined with an adjunct spectroscopic or 
hon-spectroscopic measurement for the measurement of analytes in a tissue of apatient 

2. Background of the Invention 

Diabetes mellitus is a chronic life threatening disease for which fliere is presently no 
cure. It is the sixth-leading cause of death by disease in the United States, and', 
approximately 190,000 Americans per year will die as a result of diabetes and its 
complications. Adopting a more global perspective, diabetes represents an enormotiS" . 
challenge insofar as it now afflicts, an estimated 100 'million people worldwide. 
Diagnostically characterized by hyperglycemia resulting from defects , in insuhn 
secretion, insulin action, or both, diabetes is now generally recbgnizecl as a group bf. 
metabolic diseases that share a common presentation and pathophysiology. 

Type I diabetes juvenile diabetes or insulin-dependent diabetes mellitus) is the most : 
severe fonn of the disease comprising approximately 10% of the diabetes cases in tiie 
United States. Type I diabetics must receive daily injections of insulin in order to 
sustain life. Type H diabetes, also known as adult onset diabetes or non-insulih-i 
dependent diabetes mellitus, comprises the other 90% of the diabetes cases. Type n 
diabetes is often manageable with dietary modifications and physical exercise, but may 
still require treatment with insulin or other medications. 

While diabetes represents a well-described entity, other target populations are also at 
risk for hyperglycemic episodes. This includes individuals with impaired glucose 
metabolism (i.e., impaired glucose tolerance, "IGT", insulin resistance, or impaired 
fasting glucose, "IFG"). These individuals have blood glucose levels that are higher 
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than normal but not high enough.meet the diagnostic criteria typically set for diabetes. 
About 20 million people in the U.S. have IGT, accprding to the National Health and 
Nutritional Examination Survey lU, and they are at higher risk for both diabetes (as few^ 
as 1 to as many as 1 0 of every 1 00 persons iwith IGT is exppcted to develop full blown 

5 diabetes J every year) and the complications associated with chronic hyperglycemia. 

^* Similarly^ a variety of other intercurrent illnesses or .pathplpgical conditions can impair 
^ glucose homeostatico mechaiujsms , thereby predispojsing hyperglycemia and its 
Gonseqitences;^ ; * >• , . 

l^acking normal glucose homeostasis, the chrome li]^erglyceiriia a with 
1 0 diabetes has now been directly United to long-tenn damage, dysftuictibh, and failure of 
various organs, especially the eyes, kidneys, nerves, heart, and blood vessels. More 
importantly, well-controlled research tnals have documented that by testing and 
controlling blood glucose, people with diabetes can reduce their risk for these 
complications by up to 60 pei^cent. Since assiduous management of glucose to near 
1 5 normal levels can prevent onset and progression of complications of diabetes, patients 
afflicted with either fonn of the, disease are encouraged to monitor theiir blood glucose 
level in order to assure that the^ appropriate ley el is achieyed and maintained. 

Accordingly, analysis .and quantification of glucose, has consistently been an obvious 
ta^rget for helping diabetics achieye and maintain nomial blood glucose levels. Some 

20 devices involve self-mpnitoring of gluppse levels by a diabetic individual and can be 
performed at home, and many products for 5jelf-monitoring of blood glucose levels are 
avaLilable commercially; Upon recommendations by doctors and using such products, 
patients are typically instructed to measure blopd glucose levels several times a day as a 
way to monitor their success iii qontroUing blood sugar levels. Nevertheless, many 

25 diabetics do not measure their blood glucose regularly. One important reason is that the 
existing monitoring products may be complicated, inconvenient, costly and painful, 
requiring a pinprick every time a measurement is made. Furthermore, these products 
may also require some skill, dexterity, and discipline to obtain useful measxu-ements. 
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Widespread awareness of the importance of raaintaming nor^ in all 

diabeticis' has pfoiiapted a wave of research and development' e.fforts/. into new 
gliicometers, which embrace less - invasive techniques. . As: noted, , most of the 
bonimCTcially available glucometers for home use require .that blood be withdrawn. 
Newer Approaches are focusing on minimally or noh^inyasiye. technologies that would 
encoiirdge diabetid s81f-m6hitoring based oh ease of use and freedom from discomfort. 
One miriinially invasive glucometer that is approved for adjunctive use relies on reverse 
iontophoresis, wherein the diabetic weai s a proprietary patch on the skin of the ami 
across which a current is intermittently pulsed thereby modifyuig the nomial epidermal 
pemieabihty barrier an4 allowing interval sampling of iritersiMar fluid; ' A variety of 
companies are pursuing alternative approaches to gain access to the interstitial fluid 
space via laser or needle microporation, chemical dissolution of the epidermal 
permeability barrier, or micrpdialysis. 

Optical spectroscopy has attracted interest as well, hicluding approaches relying on 
either Raman, heiar-, mid-, or far-IR;' Otlieir iimovatiye ^approaches are based on 
microvascular chaiiges in the retina, acoustical impedance, and 
optical hydrogels that quantify^ucose levels m 

However, despite the above potential solutions, none have been sufficiently precise, 
accurate, portable, affordable or easy enough to use to achieve either ftdl FDA ^proval 
or niairket penetration: For example, IR-based methodologies ? can be utilized to 
accurately quantitate a variety of in vivo parameters such as skin hydration, skin pH, 
skill perfusion, oxygenation, and skin temperature. However, signal modification from 
water and matrix components of the blood, such as hemoglobiri, plus optical scatter 
contribute to large signal-to-noise difficulties that have resulted in variation and error in 
measurements. 

Minimally invasive approaches have experienced similar difficulty with data analysis, 
precision and accuracy. Specifically, reverse iontophoresis-based meters require 
frequent calibration, such as vahdation against conventional photometric or 
electrochemical monitors, and are reported to be uncomfortable and imprecise. 
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Indwelling sensors require surgical placement, tend to migrate, and demonstrate 
biocompatibility problems that are often secondary to a foreigiiTbody inflammatory 
response, which can directly interfere with sensor function, alter glucose concentration 
in the interstitial fluid, or alter transit tiihejs of glucose JSroin blood vessels through 
5 interstitial fluid. As a result, sensor readings may drojp substantially sbbrtly after 
implantation or drift over the long term thereafteir, neciessitatiiig periodic te^ 
repositioning or repl£icement of tlie unit. 

Thus, there is a clear iieed for a shnple arid abciiiriate liiethod and device for non- 

•■!,■■•, . . .' . . 

invasively measuring m vivo airialyte cohcentfatibiis, such ais' glucbsei ' Accordingly, 
10 described herein is a siiriple and accurate i^^^ and' device' for noh-invasively 
measuring blood analyte cohcentratiioh, piarlicularly iii the context of blood glucose 
nipriitoring in a patierit. ' 

STJMRIARY OF THE INVfeNTION ' 

Otoi relation to the aboye^ the -unm is 
1 5. addressed by the instant iny.ejati.on which = cpm|bines , spectral and non-spectral 
measurements and techniques; to measure ^biological analytes, such as glucose. 

Accordingly, in a prefen*ed embodiment, the invention provides a method iand apparatus 
to supplement ultraviolet-visible fluorescence measurements with one or more 
additional or adjunct measurernents for quaiititatixig an analyte, such as glucose. 

20 A preferred embodiment of this invention is directed to a method for the in vivo 
measurement of at least one biological analyte thrbugji itissue exposure to radiation, 
followed by spectroscopic analysis, preferably selectively evaluating ultraviolet and/or 
visible light fluorescence, in combination with at least one adjunctive optical 
measurement selected from the group comprising infrared (IR) wliich includes near 

25 infrared QTIK), mid infrared (MIR) ahd fair infrared (FIR), visible Kght absorbance, 
Raman, microwave and/or combinations thereof. Alternatively, the spectroscopic 
measurement is combined with at least one adjimct physiological parameter 
measurement and/or at least one adjunct informational parameter measurement These 
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types of adjunct measurements can also be utilized to accomplish aud/or enhance the 
cjdibration of an ^alyte level quantitation device. " v 

An advantage of the above embodiment is that robustness, sensitivity,specificit}', and/or 
accuracy are added to the non-iiivasive measurement of the analyte (e.g. glucose), 
5 thereby reducing the error of the measurement. At the sape time the technology has a 
clearly viable miniaturization and cost reduction strategy. 

- . Another advaiitage of the inyention is that tlie signals detected from water absorption, 
, bipod comppnents such, as hemoglobin absorption, and optical scatter, which are 
potential sources of variation and error in measurements, are accounted for, rather than 
.1 0 factoring their variance into measurements as error. 

In a preferred embodiment, the invention provides a niethod of determining a level of at 
least one analyte in a tissue comprising: exposing the tissue with an excitation radiation 
from an excitation source; detecting a spectral emission or absorption from the excited 
oir iliumiridtfed tissue; determiniiig^ an adjunct parameter selected j from [the group 
15 comprising: at least one adjuiibt spisctral emission; at least one adjunct physiological 
deterininant;"at lieast 6h6 adjunct inforaiational detent and a combination thereof; 
combining the spectral emission detected with the adjunct parameter determined, and 
detemiining tlie level of said at least one analyte in the tissue. 

Preferably, the excitation source provides electroinagnetic radiation such as 
20 fluorescence, visible light, ultraviolet radiation, IR radiation such as FIR, MIR or NIR, 
microwaves and pombinations thereof The source preferably comprises exposing said 
tissue and excitmg a target withjn the tissue. 

Preferably, the target is a structural, cellular, matrix, or molecular species in a patient. 

Preferably, the structural, cellular, matrix, or molecular species is selected from the 
25 group comprising pepsin- or collagenase-digestible collagen cross links, non-pepsin 
digestible collagen cross liiiks, tryptophan, elastin, elastin cross-links, keratin, serum 
proteins, Glu-T proteins, NADH, NADPH, flavoproteins (e.g. FAD), melanin 
precursors, porphyrins (e.g. including hemoglobin, glycosylated hemoglobin Ale, or red 
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blood cells), cytoclii*oiiies, vitanoin B complexes, carotenoid, salicylate (aspirin), lactate, 
pyruvate, ketones (e.g. acetoacetate and beta-hydroxybntyrate), jfree fatty acids, 
succinate, fumaiate, dihydroxyacetone phosphate (DHAP), 3 -phosphoglycerate, acetyl. 
CoA, succinyl CoA, alpha-ketoglutarate, malate, citrate, isocitrate, bicarbonate, insulin, 
triglyceride, cholesterol, phosphorus, calcium, blood tirea, electrolytes, bilimbin, 
creatimne, albumin, lactate dehydrogeniase (LDH), and combinations thereof. 

Pi eferably, the level of the at least one analyte is a relative or an absolute amount. 

Preferably, at least one analyte is selected fi-om the group comprising glucose, NADH, 
NADPH, FAD, tiTptophan, collagen^ elastin, salicylate (aspirin),, lactate, pyruvate, 
ketones (acetoacetate and beta-hydroxybutyrate), free fatty acids, succinate, fumarate, 
DHAP, 3-phosphoglycerate, Acetyl CoA, siiccinyl CoA, alpha-ketoglutarate, malate, 
citrate, isocitrate, bicarbonate, insulin, hemoglobin/ glycosylated hemoglobin Ale, 
triglycerides, cholesterol, phosphorus, calcium, blood urea, electrolytes, bilimbin, 
creatinine, total protein, albumin, LDH, blood gases, cholesterol, alcohol, medications, 
pharmaceuticals, narcotics (e.g. cocaine), and/or poisons (e.g. cyanide). 

Prefei ably, tlie tissue is selected from the group comprising human tissue, animal tissue, 
forensic tissue, skin, soft tissue of the mouth, eai* lobe tissue, internal body tissue, eye 
tissue, tissue in or around an eye, internal organ tissue, a whole , organism and 
combinations thereof. 

Preferably, the excitation radiation is at a wavelength between about 295 nm to about 
1 1 00 nm. More preferably, the excitation radiation is at a wavelength between about 
320 nm to about 700 iuri. Even ihore preferably, the excitation radiation is at a 
wavelength between about 320 nm to about 510 nm. 

Preferably, the excitation source is a visible light source, a laser source, a microwave 
source, a discharge light source, an incandescent light source, a hght emittmg diode 
(LED), or a fluorescent light source. 

Preferably, the spectral emission or absorption is IR, Ramen, ultraviolet, visible, or 
fluorescence radiation. 
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Preferably, at least bn6 spectral emission is detected at a wavelength between about 295 
nin to about 700 nm. 

Preferably, the spectral emission comprises measuring one or more spectral 
characteristics of the excited target selected from the g^pup pomprising fluorescence 
life-tinie, wavelength, intensity includ^ heights and pealc areas, relative peak 

ratios, spectral shapes, peak shifts, band narrowing, spectral kinetics, band broadening, 
scatteriiig, polarization arid coihbinatibris thereof. 

Pi:ef6rkbly, the spectral emission is per^^ with 
determtinatiohof said adjiiiictpj^ S , / C "T . • 

Preferably, the detection of the spectral emission is perfomied substantially, sequentially 
. with d<stennination and/pr data entry of the adjunct parameter. 

Preferably, the selected target arid detection of liie spectral einission are perfomied at 
the same or different locations of said tissueJ : r :. • • ■ . r; : 

Preferably, at least one adjunct spectral emission or absorption comprises infrared 
including NIR, MIR, and FIR^ visible absorbarice, Raman' or micrbWavel 

Preferably, at least one adjunct physiological .detenioinant .is detemined by a passive or 
active procedure. 

Preferably, at least one physiological determinant comprises a combination of one or 
more local or systemic deterrninants selected from a group comprising: oxygen 
saturation (arterial and/or venous), temperature, blood volume, one or more blood 
chemical detemiinants, blood volume change, blood pressure, cardiac output, blood 
flow, pulsatile effects, pH, slcin perfiision, hydration, vasodilation, nitric oxide (NO), 
metabolic index, or respiratory function parariieters (e.g., oxygen partial pressure and 
carbon dioxide partial pressure), as well as other tissue optical properties, such as 
contact pressure/optical interface, tissue color, tissue homogeneity, skin roughness, skin 
stretch, skin tone, ultraviolet effects, ultraviolet dosage, and the like, and combinations 
thereof. 



wo 03/010510 



. PCT/US02/23348 



8 

' Preferably,' at least one iiifonnational deteiTOinant is a combination of one or more 
determinants selected from the group comprisin^.d^te, tinie of day, period of time since 
last nieal, content of last meal, insulin dosing, iirfpimation (e.g. period of time since last 
insulin injection, dosage of last insulin injection, insulin pump data), age of the patient, 
5 skin age of the patient, slcin AGE determination, skin color, gender, menstrual history, 
weight, percent body fat, exercise)activity leVel, piAde fate, type of diabeties!, duration of 
diabetes, type and dosage of non-insulin medications, mi^didal coniplicktions secondary 
;tO) diabetes, pertiiient additional medipal and fainily history, aspirin usage, tobacco 
and/or- alcohol usage, blopd/senitii osinolarity and analyte detemiination category, hi a 
1 0 preferred embodiment the iiifpmiational detemxinant will also include pulse oximetry 
data reflecting relative or absolute levels of oxyrdeoxyhemoglobin. 

Preferably, combining of the spectral emission with the adjunct parameter comprises 
aliasing and folding. Preferably, the multivariate technique is selected from the gioup 
comprising partial least squares (PLS) (e.g. linear or non-linear)^ principal components 
15 regression (PGR), ridge regression (RR), linear discriminant aiialysis (LDA), linear 
, regression (LR), multiple linear regressw^ QVDLR), locally weigjited regression (LWR), 
Stepwise hnear i:eg?:ession, neural net analysis (NN), and combinations thereof 

Preferably, calibrating the spectral infoimation against one or more other spectral 
emissions from said target using one or more multivariate techniques. 

20 Preferably, the instant method ftirther comprises detecting a vibraitional-spectroscopic 
emission from the excited tissue. Preferably, the vibrational-spectroscopic emission is 
collected at a frequency common to the detected spectral emission. 

Preferably, the instant method further comprises adjusting a level of analyte determined 
by incorporating spectral infomiation with a spatial dimension, a temporal dimension, 
25 or a combination thereof. 

In another preferred embodiment, the instant invention provides an appai'atus for 
determining a level of at least one analyte in a tissue comprising: a light source for 
exciting a target in the tissue with excitation radiation; a detector for detecting at least 
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one spectral emission from the excited target; a determining means for determining, 
recording or collecting an adjunct parameter; and a means for combining said spectral 
eriiissibri detected with said adjunct f)arameter=to obtain the level of the at least one 
anaiyte in the tissue. 

5 Preffsrably, the instant apparatus further comprises a display element^ wherein said 
diq>lay element displays the, level of the at least one anaiyte in the tissue. 

Preferably, the instant apparatus fmthbr comprises a transiiiitti^^^^ 

data pertaining to the detbcted specttarfemiss^^^ adjunct parameter;^ the level of the 

at least one anaiyte, or any coi^^ '■■"^'^^■■^'■^y- ; . 

1 0 Preferably, the excitation radiation is at a wavelength selected in a range from about 295 
mil to about 1100 nm. : . : : 

Preferably, the detection means detects emission radiation at qne or more wavelengths 
in the range from about 

Preferiably, the instant apparatus further comprises an dudio generator, wherein said 
15 audio generator generates one or more sounds when said level at least one anaiyte is 
detenniiieid. 

Preferably, the means for combining is a processor. Preferably, the processor comprises 
an algorithm to combine said spectral emission and adjunct parameter. 

Preferably, the instant apparatus further comprises a inemory. 

20 Additional objects, features and advantages of the invention will be set forth in the 
description which follows, and in part, will be obvious from the description," or may be 
learned by practice of the invention. The objects, features and advantages of the 
invention may be realized and obtained by means of the instrumentalities and 
combination particularly pointed out in the appended claims. 
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DETAILED DESCRIPTION OF THE PREFERfiLED EMBODIIVIE^^TS 

Optical information from tissue can be used to indicate the physiological state of the 
tissue.and often the patient from v/hich the tissue was obtampd. For example, IR such 
as near-IR methods can be utilized to quantitate a niumber of useful in vivo parameters 
5 ' such as skin hydration, skin pH, sldu. perfusion, an^^^^ as well as skin 

temperature. Many of these parameters can be quantitated using commercially available 
instrumentation. However, signals seen from water absorption, or blood signals such as 
Hernogiobin absorption and/or scatteriiig are pbteritial sources bf vkiation and error in 
measurements. 

10 The phenomenon:of endogenous skiii fluorescence, as well as endpgenous fluorescence 
of other biDlogical tissues, is well known in, the field. The fluorpphores resppnsible for 
skin autofiuorescence in the ultraviolet and blue, regions of the spectnnn include 
metabolic components and intermediates, plus proteins and collagen. This includes 
tryptophan, wiuch fliibriesces iii thd 295-350 nanbmeter (im rbgioh, keratin, which 

15 fluoresces in the 295-340 hm region, mbbtiniatoide adenm diriucleotide C^NADffOs 
which fluoresces in the 460 nm regioil, flavhl adenine dimicleotiiie CTAD"X which 
fluoresces in the 525 nm region, arid fluorophores associated with coUagien cross-links, 
wliich fluoresce in a broad region from 420 to 490 nm. (J. Invest. Dermatol. Ill :776- 
: 780, 1 998, and references therein). The collagen crossrliiik fluorophores are thought to 

20 arisje through a number of possible chemical transformations, including the| Maillard 
reaction, into stable entities known as advanced glycosylatipn end products (AGE's). 
These AGE's form at a higher rate in people with diabetes presuniably because of 
chronic exposure to elevated of tissue glucose levels, 

Beyond the modulations induced by prandial ingestion and insulin dosing, contributing 
25 factors to the dynamic glucose fluctuations seen in diabetics miay result from 
environmental changes in the tissues immediately surrounding capillaries reflecting 
relative hydration, osmolality, and local metabolic phenomena such as reversible 
glucose binding to collagen. These types of environmental changes can contribute to 
tertiary structviral changes that affect fluorescence spectra and whose modulations seem 
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to be directly assdcibited with fluctuation in blood glucose levels plus incorporated 
coritributions from other glucose dependant fluorpphores. 

Vairious spectroscopic methodologies have been widely documented for the assessment 
of tumors and other pathological conditions. However, spectral and non-spectral 
measuremeiits and techniques have hot been combined heretofore to measure a specific 
analyte usihg botli anaiyte-specific and rion-analyte^specific methodologies.; 

. The present invention provides methods and devices for in vivo quantitation and trend 
analysis of biological analyte concentrations in tissue. The present invention is directed 
to a methodology and apparatus tliat is able to combine ultraviolet and visible li^t 
spectral analyseis with one or ihore other spectroscopic techniques and/or one or more 
physiological measurenients and/or informational parameters- for the • purpose of 
iriiproving analyte level detemiinatioii. * = 

. In general, the inyepjtion is directed to measuring a level of at least one analyte in a 
patient, \yhich is usually a m that is accompHshed by 

exciting a targeit in a tissue by radiation and performing at least one spectroscopic 
visible or ultraviolet light fluorescence ernission measurement. 

Analytes that may be detected by methods of the iihstaiit invention, iii^lude, but are not 
limited to, glucose, ISfADH, NADPH, FAD, tryptiophan; collagen, elastin, salicylate (i.e. 
aspirin), lactate, pyruvate, ketones (e.g. acetoacetate ^nd beta-hydroxybutyrate), free 
fatty acids, succinate, ftiiharate, dihydroixyacetone phosphate (e^g! DHAP), 3- 
phosphoglycerate, acetyl CoA, succinyl CoA, alpha-ketoglutarate, malate, citrate, 
isocitrate, bicai'bonate, insulm, hemoglobin, glycosylated hemoglobin Ale, 
triglycerides, cholesterol, phosphorus, calciimi, blood urea, electrolytes, bilimbin, 
creatinine, total protein, albumin, lactate dehydrogenase (LDH), blood gases, 
cholesterol, alcohol, medications, narcotics, and/or poisons (e.g. cyanide). 

Suitable targets are those that reflect alterations witliin the environment of matrix 
components of the skin or other tissue and are sensitive to, or correlate with, analyte 
levels when exposed to ultraviolet or visible light radiant energy. In a preferred 
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eriibodiment, ratiometric analysis of multiple - targets (e.g. NADH/FAD or 
oxy/deoxjdleinoglobin) or integrating adjunct , data in a ratiometric fashipn which 
coritribUte information about local enyironniental pejrturbations tlaat similarly are 
seiisitive to, or correlate with, analyte levels. when exposed to ultraviolet or visible light 
5 radiant energy. ^ . : . i 

In a pteferred embodiment, a target excited by ultraviolet or visible lijght radiation may 
cotftributfe to characteristic diffuse reflectance em 

lost tlirbugh elastic scatter^; absorption, or : both; can.prqyid^^^ indirect 
meatstire of glucose through casual perte^ 

10 bioamplifier or a Jbioreporter, facilitating the, :aii?ilysis ^Ild qua^itit of noii- 
fliiorescing or emitting analytes. For example, changes in oxygen saturation (sOz), total 
hemoglobin, microcirculation (e.g. vasodilation and/or vasoconstriction), hydration, 
temperature, interstitial intravascular or intracellulai- particulate size, and/pr density 
contribute to distinct changes in diffuse reflectmce spectra^ SinceethesQ spectral shapes 

1-5 are dependant upon scatter and absorption properties of flie tissue being examined, in 
• vivo metabolic and physiologic perturbations indicatpd by changes in the spectral shapes 
= of the diffuse reflectance emissions add valuable infpnnation to analyte quantification. 

In a prefeired embodiment, spectral information obtained by excitation with ultraviolet 
or visible radiation can be combined with pulse oximetry data to yield specific analyte 
20 and/or physiological infomiation. 

Alternately, a target may be a quencher and yield a characteristic signal which can be 
correlated with an analyte level. Fluorescence quenching is a process which decreases 
the intensiity of the fluorescence emission. The accessibility of groups on a protein 
molecule can be measured by use of quenchers to peiturb fluorophores and decrease 
25 fluorescence. Quenching may occur by several mechanisms which iniclude coUisional 
or dynamic quencliing, static quenching, quenching by energy transfer, or charge 
transfer reactions. Data provided by pulse oximetry may be a useful adjunct for 
correlating analyte levels with quenching signal profiles. Tins is especially important 
when considering potential changes in oxygen saturation that may occur at a global 
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systemic level, at a level restricted to a given, extremity, or as a manifestation of a 
difference between central and peripheral oxygen saturatipn. These, types of changes 
can occur in* the face of theriiial gradients (e.g. environmental or perfusion dependent), 
" physiological acconiniodations (e.g. exercise or stress induced) or between temporally 
5 discrete measurements. . ; . 

In a preferrieti embodiment; targets for excitation include structural^ cellular, matrix or 
hidleciiiiar tissue condpoheii^^ or combination of compionents of the patient. . Preferably, 
tHe^^targets' 'inciiid6, 'but ar^^ skin or any of its . components or 

apperidag^isl sucW as pepsin- bir cbllagenase^^digestible collagen prdss linkSj non-pepsin 
10 diigestiblfe (Collagen cross liid^ tryptophan, elastin, elastin cross-linkSj keratin, serum 
proleirisj Glu-T ptoteiris, NADH, NADPH, :>flavopro melanin 
precursors; pbiphyriris (including hemoglobin, gty^ or red 

blood cells),' cytochir6mes,'soriievitaminB^c^ 

cardtSndids, iihd combinations thereof • Other preferredtargets may.inolude salicylate 
15 (aspirin)^ lactate, pfyriivate,' ketones (iacetoacetate and beta-hydroxybutyrate), free fatty 
acids, succiiiate, iuniaratei dihydroxyacetone pho isphate (DHAP) ^ 3-phosphoglycerate, 
acetyl GoA; succiiiyl edA, alpha-ketoglutarate, malatej Citrate-isocitrate, bicarbonate, 
insulin, . triglycerides, cholesterol, phosphoms, calcium, blood urea, electrolytes, 
bilirubin, creatinine, total protein, albumin, lactate dehydrogenase (LDH), and 
20 combinations thereof that are related to, sensitive to, or co-vary w^ith analyte 
concentration. 

The contributions of diffuse reflectance (DR) to ultraviolet-visible fluorescence 
measurements creates a novel synergy that expands in vivo analyte detection options. 
Spectrally distinct from fluorescence, DR herein refers to light that is elastically 

25 scattered from tissue without any change in wavelength. The diffuse nature arises from 
scatter that invariably occurs in a medium that has an inhomogeneous distribution of 
refractive index. Examples of such include variations in the stracture, size and density 
of intravascular, intracellular and/or interstitial components giving rise to spatial and/or 
temporal variations in refractive index. In this regard, the character of the scatter and the 

30 information it contains obviously depends, among other things, on whether the scatter 
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arises from temporal; or spatial vaiiations m refractive index. For example, optical 
• coherence tomography utihzes hack-scatter from spatial structui'es for imaging purposes 
and laser doppler . velocimetry utihzes the temporal natee of the scattered Ugjit to 
ascertain velocity information. In another example taken from tlie field of flow cell 
5 cytometry, sp ati;^ scatter profiles provide cell size infonhation. In biological tissues, the 
large nuniber and vailing distributions' of scatter centers as well as 

variations in tiie refractive index of the surrotmding meditim mil coirnphcat e the precise 
nature of scattier in such media. The Wavelength used, optical polarization, angle of 
illumination, and the way in wWch'the diif&se reflected light is detected can have a 
10 sigrdficant impact on the nature of the specti^ 

A convenient way to describe a diffuse reflected spectrum (when more than one 
wavelength of light is used to mterrogate the tissue) is to take'the logarithin of the ratio 
the signal to the ii^cident energy spectrinn. In transniission absorption spectroscopy, 
this is routinely done to provide estimates of concentrations of absorbers in the medium 

1 5 when the Be6r-tambert law is know to apply. Although the B^br-Lambert law does not 
apply in tissue reflectance studies, it is a: useful triansfomlatibn. The resulting 
"absoi^barice" spiecbinii cbntains features that may be usieful in identifying constituent 
components althou^gh' quantification must also be addressed because: (1) scatter 
introduces a loss ihechanism 'whereby the absbrbance sjpectrum exhibits ^apparent' 

20 absorption chariacteristics even in tlie absence of tnily absorbing chromophores and this 
loss mechanism is wavelength dependent, (2) scatter gives rise to a distribution of path 
length, samplings (also wavelength dependent) whereby concentrations of tme 
cliromophores present in the medium can not be simply extracted from the absorbance 
spectrum and kno\yledge of the chromophores extinction coefficient, (3) the absorbance 

25 spectrum can be very dependent on the configuration used to measure the DR spectrum, 
and (4) temporal variations in the scatter environment will have nonlinear affects on the 
distribution of path lengths with consequent further complications in chromophore 
concentration extraction and apparent absorption due to scatter. Despite these 
complications, in fact because of them, useful information is contained in such a 

30 spectmm. 



wo 03/010510 



PGT/US02/23348 



15 

In tile preferred embodiment, the DR sp ectrum is an optical measvirement of the same 
tiisfiiue reigion from which aiito- fluorescence arises and hence enhances the accuracy, 
specificity bnd sensitivity of aiialyte measiirements, including glucose. ; 

With respect to. the. practical (such as engineering) implementation of DR in a 
5 . fluprescencerbased product, t^iQ instrument already has the necessary components to do 

: such a measurernent. The light sources and spectral filtering are essentially the same. 

Instrunient perfom requirements may differ between DR and fluorescence 
; ; . ..measurements in the foDowing areas: ^ 

use of DR spectrum); (2) dypacnic rangjB of detector; (3) reference measmrement; and (4) 
1 0 interface probe design. 

L Fluoresceiice Spectnrai Correction 

Correction for absorption arid scatter ' . - . 

One use of diffuse reflectance emission is to correct the fluorescence spectra for the 
perturbations arising from absorption of chromophpres and the loss due to scatter 
15 (scatter losses haye spectral signatures that oie dependent on skin optical properties as 
well as probe geometry). The affect on the fluorescence spectra arising from temporal 
and spatial variations in chromophores aiid their densities as well as temporal and 
spatial variations in scatter could be eUminated or minimized. 

A zero-order approach is to assume that the difference in source location and 
20 fluorophore location is not a factor. The source light sand the fluorescence ligjit both 
traverse the same region of tissue and are therefore similarly affected. The light source 
at the surface of the specimen for a DR measufeniient can be viewed as a known 
fluorophore (via a reference measurement). Therefore, the resulting DR spectrum 
contains the perturbation effects of light scatter or absorption of skin and chromophore 
25 absorption. Correcting the fluorescence spectra for these scatter and absorption 
perturbations amounts simply to inverting the absorbance spectrum, taking the square 
root, and multiplying by the fluorescence. More exact corrections have been described 
in the publication "Intrinsic fluorescence spectroscopy in turbid media: disentangling 
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effects of scattering and absorption" by M. G. MuUer et. al.. Applied Optics VoL 40 # 
25 pp 4633.4646 (2001). ... 

Coixection for biological or probe interface noise. One source of variations in 
fluorescent spectra are probe interface instabilities (motion-related artifacts). 
5 Additional sources may arise from temporal changes in the tissue biology- DR can 
provide a way to track such temporal chiainges and correct fluorescent spectra for these 
changes. 

One soiirce of variations in fluorescent spec^^^ 

related artifacts). ; : Additional sources rnay arise from tenippral changes in the tissue 
10 biology. DR can provide a way to track suph temppral changes and correct fluorescent 
spectra for these changes. 

n. Skin Classification 

MpastcUnieal studiesy model stability 
' individuals to the model. There are no obvious differences in the fluorescence spectra 

15" ' of such individuals ^ when compared with others. DR will provide additional 
information directly relating to the optical properties of the individuals ' skin (the same 
properties that affect fluorescence) that may provide, a more quantifiable means for 
distinguishing between individuals. This may, for example, provide for one type of 
model vs. another. This then would lead to improved model stability. Possible means 

20 of classifying DR spectra include flie correlation of selected parts or all of the DR 
spectrum with various measured quantities such as fluorescence intensity across 
individuals or sites, sites within an individual, individuals al6n6, a meiasure of sldn 
color, temperature, pressm-e, perfusion, arm position, etc. 

in. Explicit glucose information to improve; specificity and selectivity. 

25 The DR spectrum itself can contain signatures for glucose concentration. For example, 
some studies have shown that scatter changes with glucose concentration. Selectivity 
and specificity are at issue here since many other things affect scatter. By combining 
DR with fluorescence, selectivity and specificity can be improved. There may be otlier 
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mechariiisms tlxrbugh which glucose concentration may affect DR^ for example, particles 
whose scatter or absorptive properties are dependent on local glucose concentration. 

IV. Physiology Ihforniation 

Parameters nifeasuring the oxygenation state of blood and blood volume can be 
5 determined from a DR spectrum. The utility of this infonnation for glucose prediction 
arises from the fact that glucose is delivered to tissues via blood. Furthennore, DR is 
affected by changes in scatter and absorption. These, in turn, can be caused by 
re;ja active iitidex variations (caused by aiialyte concentration changes,:hydration changes, 
temjperature changes, etc.), particle (cells and their coinponents) . size changes, and 

10 chromoptiore concentratiori changeis (e;g. absorption) that correlate to physiological 
state of the tissue. In a preferred embodiment these paraineters can be integrated into 
the dataset to yield information relating to dynamic blood flow, metabolic activity, 
exercise tolerance, and other physiological conditions that can be mapped by analyte 
flux. DR spectral infomiation derived either statically or in serial sets can facilitate 

15 blood flow corrections that correct for local vs. systemic processes; The use of 
perfiision information as an adjimct may provide usefril information as to the effects of 
oxy- and deoxyhemoglobin on the spectra collected. Additionally, perfusion 
infomiation can provide information as to the delivery and uptake of nutrients and ttie 
removal of metabolic byproducts. These parameters can be useful in detenninuag 

20 analyte levels. 

The application of algorithmic calculations and/or modeling to fluorescence spectra 
collected from such tissues exposure to radiation will determine the concentration of 
said analyte (e.g. see Thomas EV. Adaptable multivariate calibration models for 
spectral applications Anal Chein. 72(13):2821-7 (2000); Heise HM Non-invasive 
25 monitoring of metabolites using near infrared spectroscopy: state of the art. Horjn 
Metab Res. (1 0):527-34 (1996); Martens, H. and Naes, T. Multivariate Calibration. John 
Wiley and Sons, Chichester (1993)). 

A fluorescence spectra of a given patient is obtained by choosing at least one excitation 
wavelength from the UV- visible region, exposing between about 295 nm and 1 100 nm. 
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preferably between 320 nm and 700 nm and most preferably between 320 niii and 510 
nm, and collecting the enaission spectra at one or more wavelengths, most preferably in 
the region from 320 nm to 650 nm. In alternative embodiments, any range or number of 
distinct or overlapping wavelength ranges caii be seleidted for excitation or collection 
5 ; . depending on tlie desired target within the tissiie and the selected si)ectf al eniission to be 
analyzed. Tbe step for nieasuiing flu6i*e^cehce' cbinpiisds ^alyzing one or more 
parameters relating to fluorescence life-time, wavelength, intensity, peak location, 
. ; rrelative peak ratio, spectral shape, pealc width, peak shift, band narrowing, fluorescence 
.. . kinetics, baiid, brpadening, scattering, phase, time, pplarizati9n,^and the like, or 
10 : : combinations tliereof. , . 

Without inteint of being bomid by theory, changes in analyte concentration, which are 
! expected to.be associated with reversil:)le changes in observable fluorescence of a target 
can detected and analyzed. These changes may be due, in part, to direct and/or 
indirect effects of an analyte or othe^^^ Analyte molecules 

15. in the environment may be cpyalently or npn-coyalently coupled to a target, may affect 
a .target >yithput binding, or may simply exist unbound in the immediate vicinity of a 
target. Alternatively^jthe fluorescence of the target may remain constant and the effects 
of the environment or the intervening tissue may influence the signal recorded, or both 
the fluorescence of the target aiid intervening effects may change and produce data that 

20 can be seeri to co-varyAvitli anialyte levels. • . . i : . . 

In th|B context of glucose moiaitoring, clironic hyperglycemia associated witti diabetes or 
impaired.^ glucose tolerance, IGT, progressively affects collagen and other skin 
components, such as pepsin-digestible collagen cross links (Monnier et al.. Diabetes 
37:867-872, 1988). Accordingly, corresponding spectral emissions aie expected to 

25 reflect not only dynamically shifting tissue glucose leyels, but more chronic 
glycosylation changes as well. Some of these glycosylation-induced changes are 
reversible, facilitating instantaneous and longer-term analysis opporUmities. Although 
glucose itself does not fluoresce to any significant degree, changes in glucose 
concentration, which are associated with reversible changes in the observable 

30 fluorescence of a target, such as collagen, can be detected. These changes may be due. 
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in part, to the direct and/or indirect effects of the presence of glucose or otiier molecules 
oh the environment of target molecules and structures. 

In a preferred embodiment, spectroscopic measurernent s are combined with at least one 
adjunctive measurement.. Aii adjunct measureraent or parameter is any information or 
5 data that aids and/or improves an analyte quantitation technique, such as ultraviolet- 
visual fluorescence. 

Preferably, ultraviolet- visible light spectral data is coriibmed with NIR absorption data. 
The InIIR data allows measurement of watef concentration, and coiitaih^ specific 
information about pH, hemoglobin, organic composition, and tissue teriiperature. 

10 In apreferred einbodiment, aNIR spectrum of heinoglobih is obtained. Hemoglobin is 
a protein found within erythrocytes and has strong absorbaiice bands in the visible and 
NIR spectrum. Oxy-henibglobiti absorbs at 410 nnl, 540 nin, and 580iim and by taking 
absbirtance nieasureiiieiits at these wavelen is pdssible to deduct total blood 

voluine and oxygenation state. Additionial physiological inforniatidn can be obtained by 

1 5 p£uring O2 saturation information with fluorescent spectra specific^ly idcludiiig, but not 
limited to NADH (or NADPH) or ratiometric NADH/FAD data. ' 

By weighting the measurements at either 410 and 436 nm or 540, 560, and 580 rnn the 
instant invention provides a method to weight spectral features acpording tp the depth at 
which they originate, thus providing a depth discriminating feature. Depth delineation 
' 20 (depth of spectral exarhihation) is effected by spectroscopic identification of 
intravascular hemoglobin thereby also providing a determination of flae amount of 
hemoglobin in the tissue being scanned. The detection of hemoglobin and hence 
determination of the depth from which the signal has been acquired can be used to 
trigger the collection of spectral data. Furthermore, by incorporating a pulsatile (i.e. 
25 relating to pulse or heartbeat) measurement dx trending measurement along with each of 
the aforementioned wavelengths, the total blood flow can be calculated. The 
oxygenation state of the tissue can be further derived from the rates of production of 
bio-molecules such as NADH, NADPH, FAD, and otiier analytes in tiie metabolic 
chain, wliich may be calculated. Therefore, it can be appreciated that depth 
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discrimination refers to the relative depth normal to. the surface of the. skin that the 
preferred analyte signal emanates jfroin. Tlie delineation of depth can provide specific 
information to an algorithm designed for the calculation of analyte concentration. For 
example, if tlie concentration of a particular analyte in skin is related to. blood flow, the 
5 concentration may follow a depth-dependent .gradipnt firom the source of tl^e analyte 
(e.g. the capillary bed which feeds nutrients to the upper dermis and epidennis of skin). 
The concentration of the analyte at a particular distance jfrom the source can be 
determined mathematically and an algoMlim, wilil the inptit of a dep^th' paraineter, can 
adjust the calculated analyte quantity t6 express that value relative td the depth at which 
10 it was sampled. 

Fiuthermore, by incorporating a pulsatile, (i.e. relating ^ to puisne or heartbeat) 
measurement or trerid.in measurement along, with each of the aforenientioned 
v/avelengths, tire total bipod flow cari be calculated. The oxygenation state of the tissue 
can be further derived from the rates of production of biormolecul(esj^uch,?is NADH, 
15 -: . NADPH, FAD, and otherjanalytes iii the metabolic chajn, wjiich may be calculated. 

In a preferred embodiment, NIR and/or Raman generated water mformation may be 
correlated with physiological tissue perfusion.^ In addition, the MR region contains 
spectral information from glucose absorption (see Heise ref). Accoi-dingly, adjunct 
data obtained by NIR may be used to calibrate and imprqy e the precision of ultraviolet- 

20 visible hght fluorescence data. There are at least two maj or ways in wliich adjunct NIR 
spectroscopic measurements could iiiiproye fluorescence calibration?:. 1) by using the 
water absorbance band in the NIR as a means by which to quantitate the amount of 
water in the tissue (tissue hydration state) and including this information in the 
fluorescence calibration; and 2) by including spectral regions that contain information 

25 about glucose absorbances in tissue directly in the fluorescence calibration. 

In a preferred embodiment of the invention, the ultraviplet-visible light spectroscopic 
measurement is combined with at least one adjunct physiological parameter 
measurement. The physiological parameter can be measured via passive measurement 
techniques or alternatively, actively induced measurement techniques. The 
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physiological parameter may be oxygenation, oxygen saturation, temperature, blood 
volume, blood volxmie change, blood pressure, blood flow, pulsatile effects, pH, skin 
perfusion, hydration; vasodilation, liitric oxide (NO), carbon dioxide (GO2), as well as 
othei: tissiie optical properties, such as contact pressure/optical interface, tissue color, 
tissue homogeneity, ^kin rougjmess, skin stretch, ^^^s tone, ultraviolet effects, 

ultraviolet dosage, and the lilce. 

... I 

In another embodiment of the invention, the ultraviolet- visible light spectroscopic 
measiirenient r . is coinbined ^ith at . least one adjunct iixformational parameter 
measurement. The infomiational parameter is one or more parameters selected from a 
group comprising date, time of day, period of time since last meal, content of last meal, 
drug dosiiig ihfomaation such as period of time since last drug administration , dosage 
of last administration, insulin pump data, age of the patient, skin age of tlie patient 
which is the apparent age as determined by build-up of fluorescent AGEs in .tlie sldn, . 
skin color, gender, menstrual history, weight- percent body fat, exercise and activity 
level, pulse rate, type of diabetes, durktioii of diabetes, type and dosage of non-insulin 
medicatioiis, medical complications secondary to diabetes, pertinent additional medical 
and family history, aspirin usage, tobacco and/or alcohol usage, and analyte 
determination category. 

In a preferred embodiment, the ultraviolet-visible light spectroscopic measurements are 
combined with any combination of at least one adjunct physiological paranieter 
nleasurenient, at least one adjunct infonhational parameter measurement; and at least 
one adjimct spectroscopic measurement selected from the group comprising infrared, 
hear infrared, ultraviolet and visible light absbrbance. 

The ultraviolet-visible light spectroscopic naeasurements can be performed substantially 
simultaneously or sequentially with the adjunct measurements. Further, ttie ultraviolet- 
visible light spectroscopic measurements and one or more adjunct measurements may 
be performed at the same or different physical location on tlie patient. 

There are four general categories of methods by which adjunct information can be 
added to fluorescence spectroscopic measurements to improve the ability to quantitate 
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the level of an analyte. The adjunctive data provides characteristics of the individual by 
introducing demographic, physiologic, medical, and other relevant information by the 
following means: ■ 

1 ) For adjxinct specti'oscopic methods (e.g. diffuse reflectance or Rainan spectroscopies) 
5 combined w^itli fluorescence, the simplest method is simple concatenation of tlie spectra 

prior to multivariate analysis. The scaling and weighting pf the relative imj^ortance of 
the two spectra will be handled by the multivariate methodology. 

2) For adjuiiGt spectroscopic mGihods (e,g. diffuse reflectance or Rainan spectroscopies) 
combmied with fluorescence,* one can, calculate a fprm of reduced basis set for the 

10 adjunct spectra prior to concatenation with the fluorescence, qpectra. Basis set reduction 
means reduciiiga set of data down to some more inanageable reduced set pf variables 
through the application of some form of algorithm. Basis set reduction, as a general 
technique is very common in science (Johii StuaA Mill, A System of Logic: 
Ratiocinative and InductiveV variorum edition' iii' Collected Worklsl ^ vols: V-S. J.M. 

15,, Robson, ed. (Toronto, 1 973), as it involves redubiag a large number of variables dovm 
to a smaller number of variables that contain all 6f the informatibh of the larger number 
of variables. For spectroscopic applications, examples include: spectrjal fitting; PCA; 
oxygen saturation calculations; peak area measurements; pealc location measurement; 
peak shape measurements; quantification of sorne analyte or Value fi^om the spectra 

20 through univariate or multivariate meaiis; wavelet transforms; eta This reduced basis 
set is then concatenated witib. the fluorescence s^iectrum and multivariate analysis 
performed. Adjunct measurements that already comprise a reduced baisis set (viz., they 
are the summary of some other measm;ement (e,g. pxilse rate, blood pressure, blood 
. : analyte values measured frorn a blood sample, height, weight, age, body fat percentage, 

25 air temperature, etc.) that was taken either simultaneously or not simultaneously with 
the fluorescence measurement) can simply by concatenated with the fluorescence 
spectrum prior to multivariate analysis. 

3) Adjunct measurements, either by themselves or following some form of basis set 
reduction, can be used as a means of categorizing multivariate calibration models and 
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choosing which one or ones to apply. Multivariate cahbration models are only 
applicable to the set of variables and conditions on which they , were modeled. The 
adjunct measurement can be used as the criteria by which the selection of the most 
appropriate multivariate calibration model is done. 

4) The adjunct measurement or some reduced basis.set form of the; adjunct measurement 
cathbe used as a idirect input into the algoritlml or multivariate calibration model being 
used. ; ■ .J = 

5) The adjunct spechal measurement can be u^ coirectthejfluorescence spectruni 
and remove aiteiratibiis of tlie fluorfeseence spectrum that come from known spurces. JPor 
ekainpl^, a diffuse reflectance ispectrtim can be: used to. .correct the fluorescence 
spectrum for the effects of nielahin or hemoglobin absorbances. = 

The step of combining priniary^d adjunct datasets may include aliasing and folding 
flie acquired data, fpr example, in aFomier Transform spectrometer, for the pmpose of 
.nxaking robust qu^titatiye ineasureme^^ non-invasiVely. Fourier- 

transfonn spectroscopy ("FTS") provides a set of performance parameters completely 
different fi:om dispersive spectroscopy. FTS has been widely accepted in the infrared 
region since 1967, and has all but totally replaced dispersive techniques in the infrared 
spectroscopy laboratory (H. JM:. Heise and R. Marbach et al.. Noninvasive Blood 
Glucose Sensors Based on Near-Infrared Spectroscopy, 18(6) Artificial Organs 439-47, 
1 994, P . R. Griffiths, Fourier Transfor^l Infrared Spectrometry 222(462 1) Science 297- 
302, .1983).. 

Aliasing means that the information fi-om two sjpecti-ally distinct spectral regions will be 
combined in one spectrum. This spectrum containing infonnation from both tlie ahased 
and non-aUased spectial regions is then input directly into the multivariate calibration 
model. 

Alternatively, combining comprises using two or more parameters, e.g., parameters, as 
input variables for one or more algorithms relating to Ihe quantitation of the analyte. 
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In prefen-ed embodiment, the invention provides step? of correcting spectroscopic and 
non- spectroscopic parameters by at Jeast one of fte following dimensions: spectral, 
spatial such as slcin depth and skin surface area, and temporal. 

The spatial dimensions maybe used to sort out the contributions JBrompH, electrolytes, 
temperature, and the like. As an example^ a temperature gradiesnt may exist between the 
outer surface of the skin and the tissue inside. Apcordingly, the effects of temperature 
on the measured signal may or may not scale with the distance into the tissue nonnal to 
the tissue surface whereas contributions from electrolyte, concentratipns and pH may or 
riiay not be more evenly distributed. Jhus^ a spatial dimension is usecl to, separate out 
J - the effects of temperatme on the. measmred signal^fr^ those effects due to pH and 
electrolyte concentrations; 

Temporal dimensions provide additional selectivity, wliich can be used to sort out 
contributions from electrolyte, pulsatile, pressure and teinperature "clianges or 
contributions from active or passive stimulation. As a result, temporal parameters have 
particular value, when elucidating local and/or systeimc responses to varying stimuli. 

Spectral dimensions represeiit changes in spectral form over time. Therefore, ineasures 
of spectral change as a function of time, allow the different variables to be selectively 
extracted, based upon a temporal dimension. 

Dimensional (e.g. spectral, temporal or spatial) information obtained using these 
einbodiments can be subjected to a combination. of mathematical transformations. For 
example, standard statistical techniques, such as partial least squares CTLS") analysis, 
or principal components regression ("PGR") analysis, can be used to correlate the 
absorbance of radiation at specific wavelengths to analyte structure and concentration. 
PLS techniques are described, for example, in Geladi et al., Analytica Chimica Acta 
185:1-17, 1986. For a description of PGR teclmiques, reference maybe had to Jolliffe, 
L. T., Principal Gomponent Analysis, Springer- Verlag, New York, 1986. 
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These dimensions can be applied to improve analj^e measurements by adjusting the 
original measuremeiit beifore the mathematical iteration is perfomied to calculate the 
analyte coiicentratibn. 

# 

For example, the spiatial dimension can be utilized to minimize, the effects of tlie 
5 temperaiture gradient oh fluorescence or diflFiise-reflectance spectra. . The first step is the 
derivation of the effects of a temperature gradient on fluorescence spectra and 
establiishing a mithematicsd mode! to explain this ^^^^ an adjunct 

hlea'surehient. It is possible to detect temperature using iiifirared spectroscopy. In this 
' exiaii^ipie/' infrared meiisiireitaehts cotdd be: use as a matiiematical 

id trarisfonriation on the fluoriescehce spect^^ 

applied to tliem. The algoritlim used to calculate glucose concentration. would be 
appUed after the transfomiation and would be made on a spectrum that was mdependent 
of temperature gradient effects (as they were accounted for by the adjunct measurement 
and subsequent transformation). 

15 Temporal information can be used to correct for variations in time during the course of 
a measurement. For example, if the pressure applied to a probe changes over tlie coiirse 
of a raeasurement, an adjunct measure of probe pressure can be used to adjust the 
measurements before the algorithm to calculate analyte concentration is applied to the 
data. In a simple situation, onq can assume that pressure has a linear relationship with 

20 the measurements being taken. Thus, by recording pressure information during the time 
the measurements are taken, each measurement can be scaled by title constant value 
recorded during the course of tlie measurement. The transformation of the data usmg 
this adjunct measurement allows the analyte level to be calculated independent of flie 
pressure of the device dming the course of the measurement . 

25 Spectral dimensions, as described above, refer to the change in the shape of spectra over 
time. Those changes that can be quantified and are not related to analyte concentration 
can be accounted for in the same manner as the two examples described above with an 
initial transformation before the application of an algorithm designed to calculate 
analyte concentration. 
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( 

In a preferred embodiment, the invention provides a method of signal processing to 

• improve the accessibiUty of chernically or physically significant information in the 
analytical signals. Specifically, the intensity values of signals obtained at paiticular 

* wiaVelengths can thus be processed to reduce the effect of mstrumentation noise and 
5 thus processed signals can then be subjected to multivariate analysis using known 

statistical techniques. 

Li another preferred embodiment, vibrational spectroscopy, for example, infrared or 
Raman, with high specificity and a relativjely Jow. signal to noise ratio is utilized to 
enhance calibration models built with fluorescence spectroscopy data. Specifically, tliis 
10 • application is usefiil when xoUecting ^data in /a common spectnim on a common 
frequency axis on the same spectrometer, or alternatively, coUepting data with different 
" spectrometers and later combined. : ; 

Calibration refers to the set of operations which establish, under specified conditions, 
the relationship between values indicated by a measuring instmnient or measuring 

15- • system, and the corresponding standard or known values derived firom the standard. It 
' is the process of relating data measurements for the purpose of mcreasing the accuracy 
and precision of the methodology and instrumentation in use. Statistical calibrations 
usiilg chemometric methods can be used to extract specific infonnation fi-om a complex 
set of data. Such rela;tional methods, of caUbration include linear regression, multiple- 

20 linear regression, partial linear regression, and principal components analysis, hi other 
applications, calibrations can be carried out using aitificial neural networks, genetic 
algorithms and rotated principal components analysis. The result of a calibration 
permits the estimation of errors of indication of the measuring instrument, measuring 
system, or the assignment of values so that the instrument-measuring system conforms 

25 to a kno^Nm measurement output to achieve the smallest error between the instrument 
and the standard, hi an embodiment of the invention, the step of caUbrating may 
comprise analyzing the measurements . obtained using one or more chemometric 
tecliniques, such as multivariate analysis methodologies selected, fi-om the group 
comprising: PLS, PGR, LDA, MLR, LR, LWR, RR, NN, stepwise LR and combinations 

30 thereof. General references for multivariate calibrations include Marten and Naes. 
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Iristrumentation that detects information for one or more constituents in a complex 
cHemical matrix must rely upon analysis algorithms, such as. those derived using 
cliemonaetiics, in order to reveal information that is specific fpr one or more chemical 
constituent/ ' Chembmetrics techniques can^ used to conapare ,vuJaiowns with 
5 calibrated standards artd databiases to provide advanced forms of cluster analysis, and to 
extract features firom an vmknown patient tliat can be used as information in statistical 
and. mathematical models. 

Cheinometribs relates to the application statistical and pattern 

recojgnitioh techniques mc^^ apphcations. See, elg;, B3:owii:et al. (1990) 

10 Arial. Cheiii. 62:84-101 . ■ Ghemometrics is practiced herein in the context of developing 
'aid using noninvasive • 'diagnostic instrumentation that : employs advanced signal 
processing and calibration teclmiques. Signal processing is used to improve the 
accessibility of physically significant information in analytical signals,. Examples of 
signal processing techniques include Fourier transformation, iSrst and second 

15 - derivatives, and digital or adaptive filtering. 

Principal components analysis ("PGA") can be performed . in the. application of 
chemometric teclmiques to spectroscopic measurement of chemical l analytes in a 
complex matrix. PGA is used to reduce the dimensionalityiof a large, number of 
interi:elated variables while retaining the information that diistinguishes one component 

20 firdm another. ^ This reduction is effected using an eigenvector transformation of an 
original set of interrelated variables (e.g. an absorption spectrum) into a substantially 
smaller set of uncorrelated principal component (*TG") variables that represents most of 
the iriforinatiori in the original set. The new set of variables is ordered such that the first 
few retail! most of the variation present ia all of the original variables. See, e.g., Jolliffe, 

25 L. T., Principal Gomponent Analysis, Spiiater-Verlag, New York (1986). More 
particularly, each PG is a linear combination of all the original measurement variables. 
The first is a vector in the direction of the greatest variance of the observed variables. 
The succeeding PCs are chosen to represent the greatest variation of the measurement 
data and to be orthogonal to the previously calculated PC. Therefore, the PCs are 

30 arranged in descending order of importance. 
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A weighting constant comprises the wavelength coefficients of partial least squares 
• regression and/or principal: components regression, or any :cpnstant obtained fiom any 
statistical calibration that can be: used to calculate values (such as analyte concentration) 
for unknown patients. A wavelengthiweighting factor is an erQbodinqieiitQf ai weighting 
5::' constant which is: used . in the construction of an opticaL filter mieans capable of 
emphasizing wavelength-specific information from spectral data. The wavelength- 
' specific. inforrnatioii can be usied to detemiirie desired ya^^ to , the patient 

' undergoing analysis:(e.g.,an^yteGonG^^ 

embodied as a particular filter density {e.g.^ neutral or wayelengthrspecific), filter 
10 thickness, or the like, such parameters having been determined using the above- 
described statistical calibration techmques.^^ 

In an embodiment of the invention, an apparatus for performing the above adjunct 
methodologi es comprises a light source for exciting a target in the; tissue with excitation 
radiation, a detection means for detecting, recording or collecting at least one spectral 
15 emission from the excited target, a determiniug means for determining an adjmict 
. parameter, such as the spectral, physiolqgical, or infonnatipn parameters, mentioiied 
abpye, anjd a nieans for cpmbiniiig said .spiectral einission detected with, said adjunct 
. parameter to obtain the level of the at least oiie analyte in the tissue,. 

In a preferred embodiment of the invention, the apparatus comprises a display element, 
20 wherein the display element displays the level of one or rnore analytes and/or the 
adjunct parameter. The apparatus niay also comprise a transmitter for transmitting data 
pertaining to the detected spectral emission, the adjunct parameter, the level of the at 
least one analyte; or any combir^ to a centralized server, ditiabase, personal 

computer, or any other electronic receiver deisired. The apparatus may further include 
25 sn audio generator that generates one or iiiore sounds notifying the user when analyte 
level(s) are determined. 

One specific application for this device includes the non-invasive deterriiination of 
glucose levels for the self-monitoring of glucose levels in people with diabetes. Other 
potential applications pertain to the identification of people with impaired glucose 
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metabolism such as impaired glucose tolerance, IGT, or impaired fasting glucose. 
People with IGT, represent a new category of pre-diabetics, .and have, blood glucose 
levels that are higher than normal but not high enough to say: they have diabetes. To 
date, this condition has been dia^iosed Using an oralglucose tolerance test (OGTT). In 
this test, blood glucose is measured before and 2 hdurs after a patients drinks a glucose- 
containing solution; after a fastof 8 tol2 hours; -About:20 million people in the U.S. 
have IGT, according to the National Health and Nutritional Examination Survey m. 
People with IGT are at higher risk for both diabetes and experiencing complications 
- associatted with chronic hypergl^ i/ p !; w-hki : iv^j: , ... . 

Although the invention has been particularly sho\yn aiid described with reference to 
several preferred embodiments thereof, it will be understood by those slcilled in the art 
that various changes in forrii and details may be made therein without departing from 
the spirit and scope of the invention as defined in the appended claims. • 

Example 1: Acquire a fluorescence 'sp^ctiru^^ a person; acquire a difiuse 
reflectance (or other adjimct spectral meas^^ from the saihe person, and use 
the diffuse reflectance spectral nieasurenlerit as a determine the 

appropriate multivariate calibration model to apply to the fluorescence measurement. 
Diffuse reflectance measurements contain information about slcin color and skin 
oxygenation. Vaiipus multivariate calibration models are based on fluorescence 
spectra that apply only to specific oxygenation levels or skin colors. The specific 
J^^tivariate Kqipdels Jiaye sraaller errors than gen^ models that apply to all skin 
colors and oxygenation levels. 

Example 2: Acquire a fluorescence spectrum from a person; acquire a diffuse 
reflectance spectral measurement (or other adjunct spectral measurement), either 
aliased into the fluorescence spectrum or non-aliased, then combine the two spectra 
(concatenate), and use them together in a single multivariate calibration model. 
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Example 3: Simultaneously acquiie diffuse reflectance spectra and fluorescence 
spectra. Calculate a slcin oxygen saturation value (basis set reduction) from the 
diffuse reflectance spectrum (using methods like, e.^., Bi"unelle JA, Degtiarov AM, 
Moran RF, Race LA. Simultaneous measurement of total hemoglobin and its 
5 * derivatives in blood using CO-bximetisrs: analytical principles; their application in 
selecting analytical wavelengths and ireferehce methods; a comparison of the results 
of the choices made! Scaiid J Clin Lah lriS^est SuppL 1 996; 224:47-69). The skin 
oxygenation value computed from tlie di&iise reflectance data is the^n used to scale 
the resiiits of the atoialyte cbnbenfratidn that had been sep^a^^ the 

10 skin fluorescence spectra and a multivariate calibration model. This can be done 
using a simple linear scaling of the forin: Anew = C * b2sat * Api, where A is the 
analyte value, C is a constant, 02sat is the oxygen saturation value obtained from the 
diffuse reflectance data, and Api is the fluorescent an^yte level. It should be noted 
that as an altematiye, oxygen saturation information may herein be suppUed by: a . 

15 pulse.oximeter as well. . ^ 

It is intended that the specifications be considered exeinplaiy onlyl 
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■ Claims - 

. 1 . A method of deterniining a level of at least one aaalyte ux a tissue comprising: 

exposing the tissue .\yith an excitation radiation firom an excitation source; 
. . , . . detecting a spectral eniis^on,^^ 

detenniiiing an adjunct param &"9^P, consisting of: at least 

one adjunct spectral emission. OT a^so^^ least one adjunct physiological 

; . deteraunant;; at least piie adjunpt infpmiational de^^ and a cpmbination thereof; 

• combining the spectral emission detected with the adjunct parameter 
determined, and 

, . detennining the level of said at least one analyte in the tissue. . . 

2. The method of claim 1 wherein the excitation source is selected from group 
consisting of laser, visible light, ultraviolet, IR, FIR, ]VilR, NIR^ and microwave soxirces 
and combinations thereof : . 

3. The method of claims 1-2 wherein exposing said tissue comprises exciting a 
target within said tissue. 

4. The method of claim 3 wherein said target is a structural, cellular, matrix, or 
molecular species. 

5. The method of claim 4 whei ein said stractural, cellulai-, matrix, or molecular 
species is selected from tiie group consisting of: pepsin- or coUagenase-digestible 
collagen cross links, non-pepsin digestible collagen cross links, tryptophan, elastin, 
elastin cross-links, keratin, serum proteins, Glu-T proteins, NADH, NADPH, 
flavoproteins, FAD, melanin precursors, porphyrins, hemoglobin, glycosylated 
hemoglobin Ale, red blood cells, cj^ochromes, vitamin B complexes, carotenoid, 
salicylate, lactate, pyruvate, ketones, acetoacetate, beta-hydroxybutyrate, free fatty 
acids, succinate, ftmiarate, dihydroxyacetone phosphate, 3-phosphoglycerate, acetyl 
Co A, succinyl CoA, alpha-ketoglutarate, malate, citrate, isocitrate, bicarbonate, insulin. 
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triglyceride, cholesterol, phosphorus, calcium,: blood -xrrea,. electrolytes, bilirubin, 
creatinine, albumin, lactate dehydrogenase, and combinations thereipf. 

6: The method of claims 1-5 wherein the level is arelative or an absolute measure. 

7. The method of claims 1-6 wherein the at least one analyte is selected from the 
group consisting of glucose, NADH, NADPH, FAD, ti^^tophan, collagen, elastin, 
salicylate, lactate, pyruvate^ ketones, acetoacetate, beta-hydroxybutjTate, free fatty 
acidsy succinate, > fumarate, DHAP, 3-phosphoglycerate, - acetyl CoA, succinyl CoA, 
alphia^ketogliitaraLte • nialate, citrate, isocitrate, : :bicarbpnate^> iiisuliii,^ ; hemoglobin, 
glycbsylated liemoglobin Al c, triglycerides,: cholesterol, phosphorus, calcium, blood 
\irea, electrolytes, bilirubin, creatinine, total protein, albumin, UDH, blood gases, 
cholesterol, alcohol, medications, phanhaceuticals, narcotics, poisons and cbmbinations 
thereof. 

8. The method of claims 1-7 wherein the tissue is selected from the group 
consisting of human tissue, animal tissue, forensic tissue, sldri, soft tissue of the mouth, 
ear lobe tissue, internal body tissue, eye tissue, tissue iu' or around ian eye, internal organ 
tissue, a whole organism and combinations thereof. 

9. The method of claims 1-8 wherein tlie excitation radiation comprises a 
wavelengifli betv\'een about 295 nm to about 1 100 nni. 

10. Tlie method of claims 1-9 whereia the excitation radiation comprises at a 
wavelengtiht between about 320 mn to about 700 nm. 

11. The method of claims 1-10 wherein the excitation radiation comprises a 
wavelength between about 320 mn to about 510 imi. 

12. The method of claims 1-11 wherein the excitation source is selected from the 
group consisting of a laser, an infrared light source, a visible hght source, ja fluorescent 
light source, a microwave source, and combinations thereof 

13. The method of claims 1-12 wherein the spectral emission or absorption 
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comprises inja-ared radiation, ultraviolet, visible, diffuse reflectaiice, . Raman or 
fluorescence radiation. 

14. The method of claims 1-13 wherein theat least one adjunct spectral emission or 
absorption is detected at a wavelength between about 295 nm to about 650 nm. 

15. ' The method of claims 1-14 wherein detecting . said spectral : emission or 
absorption comprises measuring one or more; spectral characteristics of the excited 
target selected Jfrom the- group .consisting of fluorescence < life-time^ , wavelength, 
interisity^ relaitive peafe ratidsiT spectral shapes^ peak slnfls, baiad naixowm^ spectral 
kirieties, baiid broiadening, scattddng, polarization and combinati 

,16. The method of claims 1-15 wherein detection of said spectral emission or 
absorption is performed substantially simultaneously with detemiination of said adjunct 
parameter. 

17. The method of.claims 1-16 whepin the detection of said spectral emission or 
abspiption is perfomied substantially sequentially with determination of said adjunct 
parameter. 

18. The method of claims 1-17 wherein excitation of said tissue and detection of 
said spectral emission or absorption are perfpnned at the same or at different locations 
of said tissue. 

19. The method of clams 1-18 whereiii the at least one adjunct spectral emission 
comprises infrared, near infrared, or visible absorbance. 

20. The method of claims 1-19 wherein the at least one adjunct physiological 
determinant is determined by a passive or active procedure. 

21. The method of claims 1-20 wherein at least one adjunct physiological 
determinant is provided by a pulse oximeter. 

22. The method of claims 1-21 wherein the at least one adjunct physiological 
determinant is obtained from the tissue or from a patient from whom the tissue was 
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obtained. 

23. The method of claim 22: wherein the at least one adjunct physiological 
determinant is a combination of tvv'c or more deternimants both.selected from the group 
consisting of: oxygenation of the tissue or the^ patient, ti^s^^^ or patient: temperature, 
patient blood volume, patient blood volume change, patient blood pressure, patient 
blood flow, iDlood flow of the tissue, pulsatile effelcts of pH of the tissue, 
tissue perfusion, hydration of tfie tisWe^ Vasodiiatidn of '6f content 
of the tissue,. opt^al.properties,of .1^^^ of the tissue, 
stretch affects of the tissue, ultraviolet affects of the tissue, ultrav^ of the 
tissue, and combinations thereof. 

24. The naefliod of claims^ 1-23 \y;herein, the at least one adjunct infonnational 
determinant is obtained from the tissue or from a |)atient from vvhom the tissue was 
obtained. 

25- The method of claim 24 wherein the at least one adjunct infonnational 
determinant a combination; of one; qr rnore det^mmants selected from the group 
consisting of date or time of day the tissue \yas obtaiiied ftom the patient, period of time 
since the patient's last meal, content of the patient's last meal, period of time since the 
patient's last insulin injection, patient insulin pump data, dosage of patient's last insulin 
injection, tissue age, tissue color, build-up of fluorescent AGEs in the tissue, sex of the 
patient, point in patient's menstrual cycle, tissue weight, weight or percent of patient's 
body fat, patient activity level, patient pulse rate or bolus, type of patient's diabetes or 
diabetes medications, type of patient's non-diabetes medications, patient aspirin usage, 
patient tobacco usage, patient glucose signal response category, and combinations 
thereof. 

26. The method of claims 1 -25 wherein combining of the spectral emission with the 
adjunct parameter comprises aliasing and folding. 



27. The method of claims 1 -26 ftirther comprising calibrating the spectral emission 
against one or more other spectral emissions fi-om said tissue using one or more 
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multivariate techniques. 

28. The method of claim 27 wherein the one or more multivariate techniques ai-e 
selected from the group consisting of PLS, PGR, LDA, RR, LR, MLR, NN, stepwise 
LR, LWR, and combinations thereof 

29. The method of claims 1-28 further comprising detecting a vibrational- 
spectroscppic emission frora the excited tissue. 

30. The method of claim 29 'wherein the vibi-atibnal-spectroscopic emission is 
collected at a frequen^cy conmlon to the spectral emissibn^ 

31. The method of claims 1-30 further comprising adjusting the level of analyte 
deteriiiined by incdiporating spectral infoimition, a spatial dimension, a temporal 
dimension, or a coriibinatiori thereof. ' 

32. An apparatus for determining a level of at least one analyte in a tissue 
comprising: ' - ' 

a light source for exciting a tissue with excitation radiation; 

a detector for detecting at least one spectral emission jBrom the excited tissue; 

a determining means for deteiiniiiing, recording or collecting an adjunct 
parameter; and 

a means for combining said spectral emission detected with said adjunct 
parameter to obtain the level of the at least one anatlyte in the tissue. 

33. The apparatus of claim 32 further comprising a display element, wherein said 
display element displays the level of the at least one analyte in the tissue. 

34. The apparatus of claims 32-33 further comprising a transmitting means for 
transmitting data pertaining to the detected spectral emission, the adjunct parameter, the 
level of the at least one analyte, or a combination thereof. 

35. The apparatus of claims 32-34 wherein the excitation radiation is at a 
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wavelength jfrom about 295 imi to about 1 100 nm. 

36. The apparatus of claims 32-35 wherein the detector detects said at least one 
spectral einission of one or more wavelengths in tlie range from about 295 nm to 650 
nm. 

37. The apparatus of claims 32-36 wherein said analyte is selected from the group 
consisting of glucose, NADH, NADPH, FAD, tryptophan, collagen, elastin, salicylate, 
lactate, pyiiivate, ketones, acetoacetate, beta-hydi-oxybutyrate, free fatty acids, succinate, 
fumarate, DHAP, 3-phosphdglycerate, acetyl CoA, succinyl CoA, alpha-ketoglutarate, 
malate, citrate, isocitrate, bicarbonate, insulin, hemoglobin, glycosylated hemoglobin 
A 1 c, triglycerides, cholesterol, phosphorus, calcium, blood urea, electrolj^es, bilimbin, 
creatinine, total protein, albumin, LDH, blood gases, cholesterol, alcohol, medications, 
pharmaceuticals, naicotics, poisons and combinations tlaereof. 

38. The apparatus of claims 32-37 further comprising an audio generator, wherein 
said audio generator generates one or more sounds when said level of at least one 
analyte is determined. 

39. The apparatus of claims 32-38 wherein said means for combining is a processor. 

40. The apparatus of claim 39 wherein the processor comprises an algorithm that 
combines said spectral emission and said adjunct parameter. 

41. The apparatus of claims 32-40 further comprising a memory. 

42. The apparatus of claims 32-41 wliich provides real time information on said 
level of the at least one analyte. 

43. The apparatus of claims 32-42 which provides trending infomiation on said 
level of the at least one analyte. 

44. The apparatus of claims 32-43 wherein the adjunct parameter is provided by a 
pulse oximeter. 
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